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UV–visible spectroscopyAbstract Ultrasonic speed, u and density, q have been measured for DL-alanine (Ala) and
L-phenylalanine (Phe) in aqueous b-cyclodextrin (b-CD) at 298.15, 303.15, 308.15, and 313.15 K.
The complexation of Ala and Phe with b-CD has been studied by means of UV–vis and thermody-
namic (ultrasonic speed and density) studies. Using the measured ultrasonic speed and density data
the apparent molar compressibility (jS,u), apparent molar volume (Vu), limiting apparent molar
compressibility (j0S;u), limiting apparent molar volume (V
0
u), their constants (SK and Sv), and hydra-
tion number (nH) have been obtained. The positive values of transfer properties at inﬁnite dilution
for Ala and Phe in b-CD is the outcome of the balance between released water molecules from
b-CD cavity and hydrophobic groups of Ala and Phe that enter into the macrocycle b-CD cavity.
The experimental results have also been discussed on the basis of UV–vis absorbance. The results
indicate the formation of a more stable host–guest complex between Phe-b-CD than between
Ala-b-CD.
ª 2013 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Cyclodextrins are cyclic oligosaccharides consisting of six to
eight (a= 6, b= 7, c= 8) or more glucopyranose units
linked by a-(1, 4) glycosidic bonds. They are also known as
cycloamyloses, cyclomaltoses and Schardinger dextrins1, 2
[10,19,27]. The numerous and speciﬁc properties of b-CD
(Fig. 1(I)) and its non-toxic character to humans have led to
its use in clinical, food, cosmetics, environmental industries,
pharmacy, [18,24,40,9,41] and textile industry [18,24,40,9,41,
38,27,16]. Interactions of cyclodextrin with unfolded proteins
enhance protein stabilization [38] as well as solubilization
Figure 1 Chemical structures of (I) b-CD, (II) Ala, and (III) Phe.
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their chemical and biological properties.
Due to the complex structure of proteins, the study of con-
formational stability and unfolding behaviour of globular pro-
teins is a bit challenging [31]. Instead, the physicochemical
[31,26] and thermodynamic [26] properties of amino acids,
which are building blocks of proteins and peptides, in aqueous
and mixed-aqueous solutions [26] are of signiﬁcant interest.
The properties of amino acids in aqueous cyclodextrin solu-
tions are important for understanding the chemistry of drug
carriers in drug delivery systems [38]. There have been a
number of physicochemical studies of some amino acids in
pure water [15,4], in aqueous urea [5], in aqueous carbohy-
drates [1,26,35], in aqueous salts [39,17,31], and so on. Keeping
this in mind, we decided to study Ala (Fig. 1(II)) and Phe
(Fig. 1(III)) in aqueous b-CD to investigate amino acid–cyclo-
dextrin interactions in aqueous medium. Ala is ambivalent and
less hydrophobhic than Phe [21]. Due to the relative nonpolar
character of the cavity of b-CD in comparison to the polar
exterior, it can form inclusion complexes with a wide variety
of guest molecules, predominantly due to hydrophobic interac-
tions [33]. Although, the present study deals with the study of
a-amino acids, Ala and Phe, it would be of great signiﬁcance to
outline the importance of unnatural a-amino acids. Unnatural
a-amino acids when incorporated into biologically active pep-
tides and proteins modify their stability, activity, bioavailabil-
ity and binding speciﬁcity [29,30]. Moreover, incorporation of
unnatural amino acids into various enzymes has been used toevaluate protein folding, its function and signal transduction
[30]. The incorporated unnatural a-amino acids are capable
of speciﬁcally restricting the rotation of Na–Ca, Ca–C(O),
C(O)–NH bonds and side-chain conformations by covalent
or noncovalent steric interactions. The examples of such incor-
poration of a-amino acids range from simple a-methylated
amino acids to proline mimetics and various unsaturated a,
b-amino acids [29].
In the present work, estimated values of V0u; j
0
S;u, transfer
volume, transfer compressibility, hydration number and UV–
vis spectra of Ala and Phe in aqueous solution of b-CD have
been used to discuss host–guest and solute–solvent interactions
prevailing in the systems under study.2. Experimental
2.1. Materials and methods
DL-Alanine (Thomas Baker, (India), mass fraction >0.99) and
L-phenylalanine (Loba, Mumbai (India), mass fraction >0.99)
were used after recrystallizaton from ethanol–water mixture
and were dried in vacuum over P2O5 at room temperature
for about 72 h. b-Cyclodextrin (Hi Media Laboratories, Mum-
bai (India), mass fraction > 0.98) was used as such without
any pretreatment. The aqueous solution of b-cyclodextrin of
0.008 m (mol kg1) was prepared using double distilled deion-
ized water (conductivity < 1.5 · 106 S cm1 at 298.15 K) and
S138 A. Ali et al.was used as solvent. The weighings were done using Precia
XB220 (Swiss make) electronic balance precisely up to
104 g. The densities of the solutions were measured using a
single-stem pycnometer made up of Borosil glass with a bulb
capacity of 8 · 103 dm3. The capillary had uniform bore with
graduated marks and a well ﬁtted glass cap. The calibration of
the pycnometer was done using the procedure described in the
literature [25,2]. The accuracy in density measurement was
found to be ±0.01 kg m3.
The ultrasonic speeds in solutions were measured at differ-
ent temperatures using a single crystal variable path ultrasonic
interferometer (F-05) operating at 2 MHz as described else-
where [3]. The accuracy in ultrasonic speed measurement was
±0.05%. For all the measurements the temperature of the
solutions was maintained in an electronically controlled
thermostated water bath (Julabo, Model: MDGMBH, Ger-
many) (±0.02 K). The ultrasonic speed (u) and density (q)
data measured for the solutions of Ala and Phe in aqueous
b-CD at the studied temperatures are listed in Table 1.
The UV–vis spectra were recorded with Perkin–Elmer
Lambda 40 UV–vis double beam spectrophotometer at
approximately 298.15 K. The absorbance measurements were
recorded for 0.008 m b-CD + water binary system and for
the ternary systems Ala/Phe + b-CD + water in which b-
CD concentration was kept constant at 0.008 m and Ala and
Phe concentrations were varied from 0.01 to 0.05 m.
2.2. Calculation of volumetric and ultrasonic parameters
The values of jS,u and Vu of Ala and Phe in 0.008 m
(mol kg1) b-CD at 298.15, 303.15, 308.15, and 313.15 K were
calculated by the following relations:
jS;u ¼MjS=q ðj0S q jSqoÞ=mqqo ð1Þ
Vu ¼M=q ðq qoÞ=mqqo ð2Þ
where m andM are the molality and molar mass of the solutes
Ala and Phe, respectively; qo, q and j0S; jS are the densities
and isentropic compressibilities of solvent and solution, respec-
tively. The isentropic compressionwas calculated as jS = 1/u
2q.
The values of j0S;u and V
0
u for Ala and Phe were obtained by
the least-squares ﬁtting of jS;u and Vu data to the following
equations:
jS;u ¼ j0S;u þ SKm ð3Þ
Vu ¼ V0u þ Svm ð4Þ
Here SK and Sv are the experimental slopes. The computed
values of j0S;u;V
0
u;SK, and Sv parameters are given in Table 2.
The transfer values Dj0SuðtrÞ and DV
0
uðtrÞ for Ala and Phe
from water to aqueous b-CD solution (Table 2), were calcu-
lated, [44,14], as follows:
Dj0S;uðtrÞ ¼ j0S;uðaq:b CDÞ  j0S;uðaq:Þ ð5Þ
DV0uðtrÞ ¼ V0uðaq:b CDÞ  V0uðaq:Þ ð6Þ
The j0S;uðaq:Þ and V
0
uðaq:Þ values for Ala and Phe at different
temperatures were taken from the literature [15,45,36].
The temperature dependence of V0u can be expressed
through the relation:V0u ¼ aþ bTþ cT2 ð7Þ
where a, b, and c are constants. The partial molar isobaric
expansibilities, E0uð¼ ð@V0u=@TÞPÞ at inﬁnite dilution are ob-
tained by differentiation of Eq. (7) and are listed in Table 2.
2.3. Calculation of hydration number
The number of water molecules (nH) hydrated to Ala and Phe
were calculated [7,6,23,22,8,17] by using the following
equations:
nH ¼ ðj0S;uðelectÞ=V0u;Bj0S;u;BÞ ð8Þ
nH ¼ V0uðelectÞ=ðV0E  V0BÞ ð9Þ
where j0S;uðelectÞ, V0u;B, and j0S;u;B are the electrostriction partial
molar isentropic compression, partial molar volume and the
compression of bulk water, respectively. V0uðelectÞ, V0E, and
V0B are the electrostriction partial molar volume, molar volume
of electrostricted water and molar volume of the bulk water.
The values of nH thus obtained are given in Table 3.
3. Results and discussion
3.1. Volumetric and ultrasonic studies
The j0S;u values for the studied amino acids in 0.008 m aqueous
b-CD (Table 2) are negative, tend to become less negative with
an increase in temperature of the solution. This indicates that
water molecules around the solute are less compressible than
water molecules in bulk. The water molecules are highly struc-
tured when included within the cavity and have low compress-
ibility with respect to the bulk water [20]. Moreover, Ala and
Phe molecules feel more hydrophobic environment in the com-
plexed form compared to the solutions. The larger negative va-
lue of j0S;u for Phe than Ala at all the studied temperatures is due
to the stronger host–guest interaction between relatively more
hydrophobic Phe aromatic ring and b-CD cavity than the weak-
er host–guest interaction between methyl group of Ala and
b-CD cavity. The values of V0u provide information regarding
solute–solvent interactions and are independent of solute–sol-
ute interactions. The Sv values are negative for Ala and Phe in
b-CD showing the presence of hydrophobic interactions [12].
The observed Dj0S;uðtrÞ values are positive which may be due
to the displacement of water molecules present in the cavity of
the b-CD by Ala/Phe molecules, releasing water molecules to
the bulk of solution. The hydrophobic groups of Ala (–CH3)
and Phe (–CH2C6H5) are housed within the cavity of b-CD,
which is easily compressed when it is ﬁlled with hydrophobic
solute molecules rather than with water molecules. The in-
crease in Dj0S;uðtrÞ values for both the amino acids Ala and
Phe with an increase in temperature indicates the release of
water molecules from secondary solvation layers of Ala and
Phe zwitterions into the bulk water at higher temperature.
The positive transfer DV0uðtrÞ values (Table 2) observed in the
present study are consistent with the reported positive values
for glycine, diglycine and triglycine in aqueous b-CD [28]
and for phenylalanine and histidine in aqueous b-CD [34].
The results (Table 2) also suggest that DV0uðtrÞ follows the order
Ala > Phe. The observed larger values of DV0uðtrÞ of Ala than
Phe in aqueous b-CD solution are attributed to the release
Table 2 Values of j0S;u;SK; j
0
S;u ðaq:Þ;Dj
0
S;uðtrÞ;V
0
u;Sv;V
0
uðaq:Þ;DV0uðtrÞ, and E0u of Ala and Phe in 0.008 m aqueous b-CD at different
temperatures.
Parameters T (K)
298.15 303.15 308.15 313.15
Ala + b-CD
j0S;u (10
15 m3 mol1 Pa1) 21.99 19.45 16.70 14.81
SK(10
15 m3 kg mol2 Pa1) 69.14 90.30 104.16 40.66
j0S;uðaq:Þ (10
15 m3 mol1 Pa1) 24.20a 22.10a 20.40a 20.10a
Dj0SuðtrÞ (10
15 m3 mol1 Pa1) 2.21 2.65 3.70 5.29
V0u (10
6 m3 mol1) 69.07 69.13 69.21 69.31
Sv (10
6 m3 kg mol2) 1.38 1.38 1.39 1.39
V0uðaq:Þ (106 m3 mol1) 60.53b 60.63b 60.96b 61.20b
DV0uðtrÞ (10
6 m3 mol1) 8.54 8.50 8.25 8.11
E0u (10
6 m3 mol1 K1) 0.001 0.009 0.019 0.029
Phe + b-CD
j0S;u (10
15 m3 mol1 Pa1) 29.00 25.64 19.36 15.35
SK (10
15 m3 kg mol2 Pa1) 88.59 89.76 51.53 12.93
j0S;uðaq:Þ (10
15 m3 mol1 Pa1) 34.51c – 23.81c –
Dj0S;uðtrÞ (10
15 m3 mol1 Pa1) 5.51 – 4.45 –
V0u (10
6 m3 mol1) 125.15 125.27 125.40 125.57
Sv (10
6 m3 kg mol2) 4.99 5.00 5.02 5.03
V0uðaq:Þ (106 m3 mol1) 121.50b – 122.77b 123.55b
DV0uðtrÞ (10
6 m3 mol1) 3.65 – 2.63 2.02
E0u (10
6 m3 mol1 K1) 0.090 0.010 0.110 0.210
a Ref. [44].
b Ref. [45].
c Ref. [7].
Table 1 Values of u and q of Ala and Phe in 0.008 m aqueous b-CD at different temperatures.
m T (K)
(mol kg1) 298.15 303.15 308.15 313.15
u (m s1)
Ala + b-CD
0.00 1498.39 1510.83 1521.51 1530.56
0.01 1499.12 1511.52 1522.16 1531.19
0.02 1499.80 1512.18 1522.77 1531.81
0.03 1500.51 1512.80 1523.32 1532.40
0.04 1501.19 1513.40 1523.87 1532.99
0.05 1501.76 1513.97 1524.40 1533.57
Phe + b-CD
0.00 1498.39 1510.83 1521.51 1530.56
0.01 1499.50 1511.90 1522.49 1531.48
0.02 1500.59 1512.93 1523.44 1532.39
0.03 1501.63 1513.94 1524.37 1533.30
0.04 1502.64 1514.92 1525.29 1534.20
0.05 1503.65 1515.85 1526.22 1535.10
q (kg m3)
Ala + b-CD
0.00 1.0005 0.9991 0.9975 0.9956
0.01 1.0007 0.9993 0.9977 0.9958
0.02 1.0009 0.9995 0.9979 0.9960
0.03 1.0011 0.9997 0.9981 0.9962
0.04 1.0013 0.9999 0.9983 0.9964
0.05 1.0015 1.0001 0.9985 0.9966
Phe + b-CD
0.00 1.0005 0.9991 0.9975 0.9956
0.01 1.0009 0.9995 0.9979 0.9960
0.02 1.0013 0.9999 0.9983 0.9964
0.03 1.0017 1.0003 0.9987 0.9968
0.04 1.0021 1.0007 0.9991 0.9972
0.05 1.0025 1.0011 0.9995 0.9976
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Table 3 Values of nH of Ala and Phe in 0.008 m aqueous b-
CD at different temperatures.
nH T (K)
298.15 303.15 308.15 313.15
Ala + b-CD
From Compressibility 2.71 2.40 2.06 1.83
From Volume 2.04 – 1.65 1.63
Phe + b-CD
From Compressibility 3.58 3.17 2.39 1.89
From volume 4.11 – 3.32 3.28
S140 A. Ali et al.of water molecules from the solvation layer of Ala due to the
dominance of ionic–hydrophilic interactions between (NH3
+,
COO) groups of Ala and –OH groups of b-CD molecules
over the hydrophobic-hydrophilic interactions between the
nonpolar –CH3 groups of Ala and polar –OH groups of b-
CD, resulting in large positive DV0uðtrÞ values due to decreased
electrostiction effect. This is in accordance with the cosphere
overlap model [13,11]; according to which ionic – hydrophilic
interactions between (NH3
+, COO) groups of Ala and polar
–OH groups of b-CD would result in expansion in volume and,
hence, positive DV0uðtrÞ values. The smaller positive values of
DV0uðtrÞ of Phe than those of Ala may be due to host–guest
hydrophobic interactions. This can be explained by consider-
ing that the nonpolar benzene ring of Phe with a diameter of
6.8 A˚, including van der Waals radius, has the best dimension
for stronger association predominantly through hydrophobic
interaction with b-CD having an internal diameter of 7 A˚
[13] thereby, resulting in increased compactness and, hence,
smaller DV0uðtrÞ values. The possible interactions of host b-
CD with guest Ala and Phe are shown in Fig. 2(I) and (II),
respectively. For the studied amino acids DV0uðtrÞ values are
decreasing with increase in temperature which might be attrib-
uted to the decrease in the number of electrostricted water mol-
ecules due to increased thermal energy.
The calculated values of E0u (Table 2) are negative at
298.15 K, turn positive with a further increase in temperature
for both the solutes (Ala and Phe) in aqueous b-CD solution.
However, larger values of E0u for Phe than for Ala suggest
stronger Phe–water/b-CD interactions than Ala–water/b-CD
interaction, thus, supporting the behaviour of V0u and DV
0
uðtrÞ.
It can be seen from Table 3 that in the presence of b-CD,
the nH values are larger for Phe than for Ala in b-CD at stud-
ied temperatures. This can be explained by considering that the
terminal polar NH3
+ of Ala is relatively more exposed, due to
smaller side group, –CH3, will interact strongly with –OH
groups of b-CD than NH3
+ group of Phe, which is shielded
by a bigger side group, –CH2C6H5. As a result, there wouldFigure 2 The most probable interactions between host (b-CD)
and guest (I) Ala and (II) Phe molecules.be a reduction in the electrostriction of water molecules by
(NH3
+, COO) groups of Ala, resulting in smaller nH values,
whereas, in the case of Phe, due to weak interaction between its
NH3
+ group and –OH groups of b-CD, electrostriction of
water molecules by (NH3
+, COO) groups of Phe is en-
hanced, yielding larger values of nH .
3.2. UV–vis spectrophotometric study
In order to understand host–guest interactions occurring in the
present systems, absorbance spectra of b-CD in water and of
Phe and Ala in aqueous b-CD with increasing concentration
of the two amino acids were also performed. Fig. 3(I) and
(II), respectively, compare the absorption spectra of Phe and
Ala at various concentrations (0.01–0.05 m) in the presence
of 0.008 m aqueous b-CD at 298.15 K. The UV–vis spectrum
of 0.008 m b-CD in water is shown in Fig. 3(I) and (II) as
‘‘a’’. It can be observed that the spectrum shows no absorp-
tion. In Fig. 3(I), the absorption spectra of Phe at different
concentrations in the presence of 0.008 m aqueous b-CD re-
ﬂect the absorption peaks. The kmax (nm) for Phe in water as
reported by Schmid [37] is 258. In 0.01 m Phe three peaks with
kmax (nm) = 252, 258, and 264 are observed. Similarly in
0.02 m Phe three peaks with kmax (nm) = 252, 258, and 263
are observed. In 0.03, 0.04, and 0.05 m Phe, the observed val-
ues of kmax (nm) are 252, 249, and 246, respectively. This showsFigure 3 (I) Absorbance spectra of (a) b-CD in aqueous solvent
without Phe and (b to f) of (0.01–0.05) m Phe in aqueous b-CD;
(II) absorbance spectra of (a) b-CD in aqueous solvent without
Ala and (b to f) of (0.01–0.05) m Ala in aqueous b-CD.
Thermodynamic and spectroscopic studies S141that as the concentration of Phe increases from 0.01 to 0.05 m,
kmax (nm) shifts towards the lower wavelengths and that an in-
crease in the absorbance from a to f is also observed. The
marked change in kmax and absorbance on the addition of
Phe in aqueous b-CD is attributed to the strong host–guest
interaction between b-CD and Phe molecules. The polar ends
(NH3
+, COO) of zwitterion and nonpolar hydrophobic group
–CH2C6H5 of Phe make it suitable for both electrostatic inter-
action with the polar –OH groups on the surface of b-CD and
penetrating the nonpolar hydrophobic group of Phe into the
nonpolar cavity of b-CD through hydrophobic interaction.
[32] performed computer simulation study on the cyclodex-
trin-phenylalanine complex and suggested similar interactions
between Phe and b-CD molecules. The cavity in the b-CD mol-
ecules is quite large, allowing the formation of a stable host–
guest complex through hydrophobic interactions between
Phe and b-CD molecules which is the driving force for interac-
tions [32]. Whereas Fig. 3 (II) shows that the addition of Ala to
aqueous b-CD does not show any absorption peak even after
increasing the concentration of Ala up to 0.05 m. [42] reported
that the interaction of nonaromatic amino acids, as Ala in the
present study, with b-CD in aqueous solutions are weak. Thus,
the spectroscopic results reinforce the behaviours of the ther-
modynamic parameters discussed above.
4. Conclusions
The present work reports the volumetric and compressibility
properties of alanine and phenyalanine in 0.008 m aqueous
b-CD. The reported values of partial molar isentropic com-
pressibilities and partial molar volumes point out towards
the occurrence of host–guest interactions. The changes in the
transfer properties of Ala and Phe have been discussed in
terms of the balance between the released water from the cav-
ity and subsequent entry of the hydrophobic aromatic ring and
methyl group of Phe and Ala, respectively, into the hydropho-
bic environment of the cavity of b-CD, which favourably
accommodates the more hydrophobic benzene ring of Phe
than relatively less hydrophobic methyl group of Ala. The
compressibility and volumetric data compliment each other,
and indicate that cyclodextrin becomes more compressible
when it is ﬁlled with the guest (Phe and Ala) than with the
structured water. The variation in hydration number with tem-
perature shows that b-CD has a profound dehydration effect
on Phe and Ala. UV–vis spectra indicate the formation of
complex Phe–b-CD between Phe and b-CD which seems to
be more stable due to stronger hydrophobic interaction be-
tween host and guest molecules than between Ala and b-CD
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